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Abstract 
The spindle rotational speed fluctuates during milling due to intermittent cutting forces applied to the spindle, but the speed effect when 
machining with a relatively large cutter at low cutting speeds is still not clear. The focus of this paper is to investigate the effect of spindle 
servomotor dynamic characteristics on milling processes at various rotational speeds. Based on the simulation and experimental studies, it was 
found that the cutting speed fluctuation is not negligible at low operation speeds and that the spindle servomotor dynamics affect the machining 
process and tool life. Thus, it was concluded that the spindle dynamics have to be carefully evaluated and chosen when testing machinability of 
metals, especially low rotational milling applications typically required for machining of difficult-to-cut materials. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the International Scientific Committee of the 6th CIRP International Conference on High 
Performance Cutting. 
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1. Introduction 
There has been a considerable increase in the demand for 
understanding the machinability of difficult-to-cut materials 
such as titanium alloys and nickel-based superalloys. These 
high-end metals are frequently used in aerospace and nuclear 
industries due to their exceptionally superior material 
properties, very low thermal conductivity coefficient, and
greater mechanical strength even when exposed to extreme
temperatures. While these materials provide many advantages 
for advanced applications and products, they are also 
notoriously difficult to machine. During conventional 
machining most of the heat generated is transferred into the 
metal chips. However, because of the extremely low thermal 
conductivity of these superalloy materials the heat builds up at
the cutting edge thus resulting in accelerated tool wear 
especially during high-speed operations. Thus, when 
machining titanium alloys and nickel-based superalloys, 
typically low cutting speeds are selected due to the unique 
material properties of these difficult-to-cut metals, and high-
speed cutting cannot be applied.  
In order to improve productivity, many researchers have 
studied the machinability of these materials through 
experimentation and simulation [1-4] of tool wear in an effort 
to characterize and compile useful machinability data for 
these types of materials. However, in such studies the cutting 
speeds are always assumed to remain constant during the 
machining processes, even though machine tools are known to 
be dynamic systems with varying stiffness parameters specific 
to the size and shape of each machine. Such stiffness 
parameters can be associated with the spindle drive system 
and relate to the servomotors bandwidth, or ability to 
accurately maintain a constant rotational speed. Specifically, 
it is known through research done by the authors [5, 6] that a 
rotating spindle servomotor is unable to provide smooth and 
constant rotational speeds during cutting when an induction 
motor is  used to drive the spindle systems. Induction motors 
provide good manufacturability and cost performance in 
comparison to other servomotors such as Permanent Magnet 
Synchronous Motor (PMSM), however it is inherently 
difficult to achieve high motor bandwidth. As a result the 
rotational spindle speeds largely fluctuate during the milling
process, especially during heavy-duty cutting applications. 
The study done by the authors [6] also indicates that 
rotational speed fluctuations caused by the dynamic 
characteristics of the spindle servomotor influence the 
machining results. However, the relationship between 
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dynamic spindle performance and milling at various rotational 
speeds has not yet been clarified. Therefore, the objective of 
this paper is to characterize the variability of dynamic spindle 
performance over a range of rotational speeds and also 
identify cutting conditions when the spindle servomotor 
dynamics need to be carefully taken into account. First a 
precise spindle servomotor model was created in order to 
obtain the spindle response when exposed to cutting 
disturbances. Afterwards, the effect of spindle speed 
fluctuation and the influence of spindle servomotor dynamics 
on machining processes were studied for various conditions: 
rotational speed, cutting speeds, and feed per tooth. 
 
2. Spindle servomotor simulation model for analysis 
The spindle servomotor response to applied torque 
disturbance can be obtained by physical cutting experiments, 
but this often requires a large number of experiments, tools, 
workpieces, and time if a detailed response to various cutting 
conditions is required. An alternative method for determining 
the spindle behavior during various cutting conditions is to 
create a servomotor simulation model, such that torque 
disturbances can be applied to simulate cutting force. The 
latter approach was taken in this study. The following 
subsections describe the physical parameters of the motor 
used for modeling and the developed simulation model used 
for the study. 
2.1. Built-in PMSM spindle system referred for modeling 
A high performance PMSM was designed and developed 
by the authors [5] and used for the modeling. Table 1 shows 
the basic specifications for the motor. The maximum 
rotational speed and torque of the servomotor is 5,500 min-1, 
and 700 Nm respectively. Figure 1 shows the highest motor 
bandwidth of the developed PMSM after tuning control 
parameters. The motor has the maximum bandwidth of 470 
Hz whereas a traditional induction motor for machine tool 
spindles would have a bandwidth of less than 100 Hz. One of 
the advantages of modeling the high performance PMSM is 
that the dynamic characteristics of the motor can be easily 
manipulated simply by changing the gains of the PI controller 
to achieve the same bandwidth of the traditional induction 
motor as shown in Figure 2.  
2.2. Simulation model 
A simplified simulation model of the PMSM spindle 
described in the previous subsection was created using 
MATLAB/ Simulink. Figure 3 shows the block diagram of 
the developed motor model. It consists of PI controllers for 
velocity and current control, Pulse Width Modulator (PWM), 
converter, PMSM model, and spindle mechanism. The d-q 
modeling method was used to model the electric model of the 
PMSM. The model parameters for simulation have been 
chosen based upon the physical PMSM spindle system. Also a 
variable disturbance was input to the spindle mechanism to 
simulate a cutting torque as the tool entered the workpiece. 
Table 1. PMSM specification. 
Rotor size ( O.D. × Length), mm 160 300 
Stator size (O.D. × Length), mm 240 410 
Torque, Nm (@500min-1) 400 (Cont.) 700 (Max) 
Maximum rotational speed, min-1 5,500 
Power supply voltage, V AC200V 
Cut-off frequency, Hz 200 
 
Fig. 1. Motor bandwidth (470 Hz). 
 
 
Fig. 2. Motor bandwidth (100 Hz). 
 
 
Fig. 3. Schematic of a simulation model for spindle response study. 
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2.3. Validation of the motor model 
A physical cutting test was conducted on a highly rigid 3-
axis milling machine equipped with the high performance 
PMSM. A milling tool with a single insert was used to cut 
C55 carbon steel, and the results were compared to the 
simulation in order to verify model. The commanded 
rotational speed was set to 260 min-1 with required cutting 
torque of approximately 270 Nm. By adjusting the gain of the 
servomotor controller the high performance PMSM 
bandwidth was reduced to 100 Hz. The spindle response 
during tool engagement is shown in Figure 4. Similarly, 
Figure 5 shows the simulated motor response against the same 
torque at the same commanded rotational speed of 260 min-1. 
The predicted reduction in spindle speed and overshoot were 
relatively accurate, although there are  differences while the 
cutter was engaging the material. This is mainly due to the 
torque disturbance being molded as a continuous input 
compared to the more complex physical torque profile, 
however this detail was not critical for the study.  
 
 
Fig. 4. Spindle response for verification. 
 
Fig. 5. Simulated spindle response for verification. 
 
Table 2. Test conditions. 
Spindle setting
Low stiffness
(100 Hz)
High stiffness
(470 Hz)
Applied torque, Nm 250 500
Spindle speed, min-1 50 - 20,000  
 
3. Speed effect on machining process 
With the developed servomotor simulation model, 
influence of cutting speed change during milling was 
investigated with various cutting conditions. Table 2 shows 
the simulation settings. Two different servomotor bandwidths, 
100 Hz and 470 Hz, were used in combination with both 250 
Nm and 500 Nm torques applied separately to the spindle. 
While the maximum rotational speed of the physical PMSM is 
5,500 min-1, spindle response simulation against torque 
disturbance was tested up to 20,000 min-1 in order to observe 
the speed effect over a wide range. Generally, larger diameter 
cutter bodies are used for low cutting speed applications 
whereas small end mills are used for high speed cutting. Thus, 
tool diameters were changed depending on rotational speed 
setting, and the Table 3 shows the rotational speeds and 
corresponding cutter diameters used for the calculation. The 
largest and smallest cutter body/tool were set to 180 mm and 
4 mm for the rotational speed 50 min-1 and 20,000 min-1 
respectively. In the simulation, it was assumed that the feed 
drive system provided a constant speed, i.e., the feed rate was 
constant. 
After a number of simulations, the collected data was 
analyzed by observing speed changes against torque 
disturbance. Figure 6 shows the maximum rotational speed 
error from the commanded rotational speed during the milling 
process for different cutting conditions. The rotational speed 
errors are significantly high when lower commanded 
rotational speeds were chosen for the cutting simulation. The 
error reaches up to 60% when 500 Nm torque was applied to 
the servomotor with the 100 Hz bandwidth. Similarly, 
changes in maximum cutting speed for the motor with 100 Hz 
bandwidth was plotted in Figure 7. In the simulation with the 
bandwidth set to 100 Hz and an initial commanded cutting 
speed of 47 m/min with a rotational speed 100 min-1, the 
cutting speed dropped to 33 m/min due to the cutting force.  It 
is known that the slight change in the cutting speed 
significantly alters the machining characteristic of the material 
and affects tool wear especially when machining difficult-to-
cut materials such as nickel-based superalloys and titanium 
alloys. While the speed drop was substantial for the 100 Hz 
motor bandwidth setting, the change could be dramatically 
reduced by increasing the motor bandwidth setting to 470 Hz, 
and the maximum speed drop was only 2.8 m/min and 1.4 
m/min for the torque input 500 Nm and 250 Nm respectively. 
Similarly, Figure 8 displays the feed/tooth error during 
milling and assumes that the feedrate powered by a linear axis 
of the machine tool was held constant. 
The simulation results indicate that cutting process varies 
greatly depending on the type of servomotor when machining 
at low speeds, while the speed effect decreases as the 
commanded rotational speeds increase. The effect is 
negligible for high speed machining applications. Therefore, it 
is important to evaluate servomotor performance and 
characterize the particular behavior prior to preforming speed 
sensitive cutting applications with materials like nickel-based 
superalloys and titanium alloys. The spindle dynamic 
performance data is indispensable in providing useful cutting 
data for such applications. In addition, it can be suggested that 
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a high bandwidth spindle system such as the built-in PMSM 
spindle system should be used to accurately examine the 
relationship between machinability and cutting speed. It is 
widely known through collective experiences that the 
machinability results are different depending on machine tools 
used for machinability test, even though every other 
machining parameter is held constant. One commonly known 
reason is due to the structural dynamics of the machine tools, 
but it is apparent from the simulation results that the spindle 
servomotor dynamics also affect the machining process at low 
rotational speed machining applications. 
 
Table 3. Rotational speed and corresponding cutter diameter used for 
simulation. 
 
 
 
 
Fig. 6. Rotational speed effort at various commanded speeds. 
 
 
Fig. 7. Maximum cutting speed change during milling. 
 
Fig. 8. Feed per tooth error at various commanded speeds. 
 
4. Case study 
In order to verify the influence of cutting speed fluctuation 
on machinability, cutting experiments were conducted. Table 
4 shows the cutting conditions for the case study, for a 
commanded cutting speed of 60 m/min. Titanium alloy, Ti 
6Al-4V, was used as the workpiece. All cutting parameters 
were held constant in the two tests, except for the motor 
bandwidths which were set to 100 Hz and 470 Hz as 
illustrated in Figure 7 and 8. The tool wear and damage were 
observed with a tool microscope. While the simulation was 
conducted with a single insert, multiple cutting inserts were 
used in the case study because of practical considerations.  
It can be seen from Figure 9 that the measured cutting 
speed ranged roughly from 57 m/min to 64 m/min with a  
motor bandwidth of 100 Hz, whereas the speed was almost 
stable at 60 m/min with the 470 Hz bandwidth. Although the 
average cutting speeds were almost the same in both cases, it 
can be clearly seen that the dynamic components are 
completely different. Figure 10 shows the tools after Ti 
machining. While the clear chipping failure was observed 
when the spindle has high rigidity in the rotational direction, 
no obvious edge failure was observed for the low stiffness 
setting.  
Table 4. Cutting conditions for case study. 
 
 
 
Fig. 9. Cutting speed change during machining Ti 6Al-4V with different 
servomotor dynamic characteristics setting. 
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Low stiffness (100 Hz), insert 1 High stiffness (470 Hz), insert 1 
Low stiffness (100 Hz), insert 2 High stiffness (470 Hz), insert 2 
Fig. 10. Cutting inserts used for machining Ti 6Al-4V. 
5. Conclusions 
In order to understand the influence of cutting speed and 
the effects due to varying cutting torques applied to the 
milling process at various rotational speeds, machining 
parameters have been analyzed through the development of a 
spindle drive simulation model and verified experimentally by 
controlling the dynamic settings of the machine tool’s 
servomotor. The following are the results obtained by this 
study: 
 
1. It was found that the impact of the spindle rotational 
speed fluctuation could not be neglected when 
milling at low cutting speeds, where as it does not 
affect high speed cutting applications. 
2. Depending on a motor type used for the spindle 
drive, a rotational speed error up to 60% can be 
expected, which totally changes machining process 
parameters. 
3. It is important to understand the spindle 
servomotor’s dynamic characteristics when 
evaluating machinability of difficult-to-cut materials. 
In order to provide meaningful machinability results, 
the spindle servomotor dynamic characteristics data, 
such as motor bandwidth, should be provided for 
such applications. 
4. A high performance servomotor spindle system, 
which provides constant cutting speed, is ideal to 
accurately judge machinability of low rotational 
cutting applications. 
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